Background: Structure-activity relationship (SAR) of a series of thiosemicarbazone and thiosemicarbazide derivatives (57 compounds) that are potent inhibitors of herpes simplex virus (HSV) has been investigated for their inhibitory effects on cellular protein and DNA syntheses by electron-conformational method. SAR and QSAR studies were already carried out for these compounds in terms of their anti-HSV activity and dermal toxicity. The effect of a compound on cellular growth needs also to be known before its usage in chemotherapy. Therefore, this is a complementary study in designing new nontoxic antiviral drugs with reduced side effects on protein and DNA syntheses.
Introduction
Thiosemicarbazones of 2-acetylpyridine, 2-acetylquinoline, 1-acetylisoquinoline and related compounds were evaluated as inhibitors of herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) in vitro and in a cutaneous herpes guinea pig model by Shipman and co-workers [1] . Structure-inhibitory and structurenoninhibitory activity relationships of these compounds against HSV-1 were previously examined by means of the electronconformational method (ECM) with the aim to guide developing derivatives of existing drugs with enhanced potency and synthesizing new antiviral agents [2] . Since all antiviral agents cannot be used in chemotherapy due to their side effects, a complementary ECM study of these compounds was performed on structure-dermal toxicity/non-toxicity relations [3] . Before using such compounds in antiviral chemotherapy, it is essential to determine their effects on cellular protein and DNA syntheses. Shipman et al. [1] performed four biochemical in vitro tests to determine the effects of the substances on cellular growth: 3 Hamino acid incorporation into acid-precipitable material as well as Lowry assay measurements for the inhibitory concentrations of protein biosynthesis and 3 H-thymidine incorporation into acid-precipitable material as well as diphenylamine (DPA) assay measurements for the inhibitory concentrations of DNA synthesis. In this study, a substructure present only in the compounds that inhibit cellular protein and DNA syntheses has been identified in terms of geometric and electronic parameters by processing available experimental data [1] with ECM. The absence of this revealed fragment in a compound is then Citation: Ahmet Altun and Gamze Fındık (2016) Anti-pharmacophore Identification and Structure-Activity Relationships for the Inhibition of Cellular Protein and DNA Syntheses by a Series of Thiosemicarbazones and Thiosemicarbazides. J.Pharm Pharm Scien 1(3): [13] [14] [15] [16] [17] [18] [19] [20] . doi: https:// doi.org/10.24218/vjpps.2016. 13. one of the essential criteria to have minimal side on cellular growth during chemotherapy. A quantitative structure-activity relationship (QSAR) model has also been devised to assess the amount of inhibitory effects of related compounds on protein and DNA syntheses.
Materials and methods

Training Set
The investigated compounds are described through Table 1,   Table 2 , and Figure 1 . Their 50% inhibitory concentrations taken from Ref. [1] are also given in Table 2 . The correlation between the inhibitory concentrations of isotopic (incorporation of 3 Hamino acids = C 3H-aa ) and nonisotopic (Lowry protein assay = C Lowry ) protein synthesis tests is
(R 2 = 0.99; S = 9.43; MAD = 4.10)
where S is the standard deviation of the estimate, and MAD is the mean absolute deviation of the estimate. Since MAD is the average of the absolute values of individual errors, it does not reflect the sign of the error. Therefore, S that is derived using squares of individual errors is a better measure of the error of the estimate [4] . The smaller the S and MAD values, the better the model constructed. R 2 is the ratio of the sum of the squares of the deviation of the estimated values from the average value to that of the measured values from the average value [4] . Therefore, R 2 that lies between 0 and 1 is a measure of the error relative to the average value. The closer the R 2 gets to unity, the better the constructed model becomes predictive.
The corresponding correlation for the inhibitory concentrations of the isotopic (incorporation of 3 H-thymidine = C 3H-thy ) and nonisotopic (DPA assay = C DPA ) DNA synthesis tests is
(R 2 = 0.99; S = 10.06; MAD = 4.09)
Besides, the correlations between the two isotopic and the two nonisotopic tests are as follows:
(R 2 = 0.99; S = 9.06; MAD = 4.10; N48 and N57 excluded)
(R 2 = 0.99; S = 10.50; MAD = 5.00; N48 excluded) Therefore, the correlations between these four different tests are in general satisfactory. However, in DNA synthesis tests, C 3H-thy is considerably different than C DPA for N48 to N51 (see Table  2 ). This disparity arises from the inhibition of phosphorylation of 3 H-thymidine rather than inhibition of DNA synthesis [1] . Therefore, the compounds N48 to N51 are noninhibitors of both protein and DNA syntheses. N52 is a noninhibitor of protein synthesis but it has rather small inhibitory concentrations for DNA synthesis (C 3H-thy = 0.95 µg/ml; C DPA = 4.4 µg/ml). For this compound, the smallness of C 3H-thy than C DPA should arise from the inhibition of phosphorylation of 3 H-thymidine. N52 was initially considered as a noninhibitor of both protein and DNA syntheses but this supposition was later tested during the present ECM study. The rest of compounds have been classified as the inhibitors of protein (DNA) synthesis when the inhibitory concentrations are less than 10 (7) µg/ml and as the noninhibitors when the concentrations are 10 (7) µg/ml or more. With these initial settings, the class of inhibitors (N1 to N43) or noninhibitors (N44 to N52) of protein and DNA syntheses in the training set consists of the same molecules (see Table 2 ). The compounds N53 to N57 has been considered as a test set. N53 to N56 are inhibitors of both protein and DNA syntheses while N57 is a noninhibitor of both types of cellular syntheses.
Electron-Conformational Method
The identification of pharmacophore, a group of atoms in a specific geometric arrangement that is considered responsible for a bioactivity demonstration, is one of the most important problems in molecular modelling for drug design and screening. Electron-conformational method (ECM) [5] [6] [7] [8] , known also as electron-topological method (ETM) [2, 3, [9] [10] [11] [12] , was developed for pharmacophore identification and pharmacophore-based bioactivity prediction. Its objects are two (active and inactive) or more bioactivity sets of a series of molecules. Its computational part is a consequence of the following steps: (1) conformational analyses; (2) quantum-chemical calculations; (3) electronconformational matrix of contiguity (ECMC) formation from the data obtained in the first two steps; (4) ECMC processing to select pharmacophore. The first two steps are traditional ones and the others implement the core of ECM.
In ECM, each molecule in view is described by a set of parameters arranged as a matrix (ECMC), being symmetric with respect to the diagonal elements. The diagonal elements of ECMC are chosen among the atomic parameters, such as atomic charges, valence activities, atomic polarizabilities, atomic contributions to HOMO or LUMO energies, etc. The off-diagonal elements of ECMC are one of the electronic bonding parameters for chemically bonded pairs of atoms, such as Wiberg index, bond order, bond energy (total, covalent or ionic), bond polarizability, etc., and are interatomic distances for the nonbonded pairs of atoms.
After forming ECMCs of all compounds with a unique atomic and bond parameters that are deemed most important for the activity demonstration, the submatrix that is present in all active compounds but absent in all inactive ones is searched within some tolerance values specific to each type of parameters. During this search process, each submatrix of a template ECMC that belongs to one of the active compounds is compared with 
a See Figure 1 for the abbreviations Py, Qu1, and Qu2
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)
Training Set (Inhibitory Molecules) each submatrix of ECMCs that belong to the rest of compounds (see below). The submatrix revealed is considered responsible for activity demonstration, and it is called as electron-conformational submatrix of contiguity (ECSC) or as pharmacophore.
The atom-in-molecule electronic characteristics in different compounds may be analogous for different types of atoms and be different for the same atomic type. ECM can easily treat such cases since it compares parameters forming ECMC rather than the atom types. For the same reason, the compounds whose skeletons are quite different to each other can also be processed simultaneously in ECM.
ECMC Formation
Conformational analysis and quantum-chemical calculation parts of the presently considered molecules have been already published [2] . The results of these previous computations [2] were used in forming ECMCs of all investigated molecules. The diagonal elements of ECMCs were chosen as effective charges on atoms (Q i ) in electron charge unit e while their off-diagonal elements were taken as Wiberg indices (W ij ) that measure the bond order for chemically bonded atoms, and as interatomic distances (R ij ) in Å for chemically nonbonded atoms.
Throughout this study, the atoms entering the submatrix ECSC that is considered responsible for the bioactivity demonstration were circled on the molecule figures. Since inhibition of protein and DNA syntheses has a negative selectivity in drug design, the revealed ECSC of this study is called as anti-pharmacophore (A-Pha) in the remaining. To be able to separate the type of matrix elements, the charges on atoms and Wiberg indices were shown on ECMC and ECSC as italic and bold, respectively. All stable conformers of the present molecules were processed in the present ECM study. However, only the conformer containing A-Pha was accepted as inhibitory. a See Figure 1 and Table 1 for the abbreviations used in describing the molecules 
Results and Discussion
Selection and Refinement of Anti-pharmacophore
To determine the inhibitory activity feature of both protein and DNA syntheses in the form of matrix elements being common in the ECMCs of all inhibitory compounds and absent in the ECMCs of all noninhibitory ones, ECMC of each inhibitory compound was taken once as a template.
Each template ECMC was compared with all the other ECMCs within some tolerance values to obtain a representative ECSC submatrix for inhibitory compounds. With each selected template compound, the found best representative ECSC belongs to three chemically nonbonded atoms. The revealed ECSC matrix elements are enclosed by solid lines in Figure 2 on the ECMC of one of the inhibitory conformers of N2. Since the comparisons of ECMCs are performed without noting the atom types, the three atoms entering the ECSC are shown with the labels x, y and z rather than atom types in the following.
Only three tolerance parameters, one of which for diagonal elements (∆ 1 ), one for bond parameters (∆ 2 ), and one for interatomic distances (∆ 3 ), are used in the feature searching process since it is impractical to use different tolerances for all n .
(n+1)/2 matrix elements, where n is the dimension of the ECMC, or equivalently, the number of atoms in the template compound. The ECSC of N2 given in Figure 2 represents the inhibitory activity best when ∆ 1 and ∆ 3 are ±0.09 and ±0.55, respectively. As the atoms entering the ECSC are chemically nonbonded, ∆ 2 has no effect on the realization of the feature.
The ECSC found on N2 enters all inhibitory agents except N4, N8, and N28 within the given tolerances above. Any of the noninhibitory compounds, including N52, does not include the ECSC within the above tolerances. Noting that N52 is noninhibitory for protein synthesis but inhibitory for DNA synthesis according to the experimental tests, we searched a representative ECSC for inhibitory compounds that also includes N52. However, when the chosen tolerance parameters are arranged to include N52, the majority of the noninhibitory compounds already includes the found ECSC. Therefore, ECM classifies N52 uniquely as noninhibitory for both protein and DNA syntheses. As partly discussed above, appearance of N52 as an inhibitor of DNA synthesis should arise from the technical limitations of the tests of DNA synthesis: inhibition of phosphorylation of 3 H-thymidine in the isotopic test, and slight underestimation of inhibitory concentration in nonisotopic colorimetric test (see below for more details about the quality of tests).
The parameters entering A-Pha are representative of the considered bioactivity in some certain ranges. In most cases, the atom-in-molecule characteristics in the ECSCs of template compounds are not at the middle of these ranges. In this study, each parameter of ECSC shown in Figure 2 , and, at each step the accompanying tolerance were both scanned with successive increments of ±0.01 so that both midpoints of the validity ranges and flexibility tolerances can be determined more accurately and free from the chosen template. The submatrix refined in this way (see Figure 3 ) enters all inhibitory agents and is not seen any of the noninhibitors (N52 is again classified as noninhibitory). In other words, the feature given in Figure 3 achieves the complete separation of the inhibitory compounds from the noninhibitory agents. As mentioned above, the inhibitory compounds N4, N8, and N28 do not contain the feature before refinement. Slight modifications in some parameters shown in Figure 2 and in accompanying tolerances cause the inclusion of the feature by these compounds. As an example, just adjusting the charge of z being 0.01 ± 0.09 as 0.02 ± 0.10 results in the inclusion of the feature by N16. Further growth of any tolerance values shown in Figure 3 causes noninhibitory compounds to include the feature. If it is decreased, the number of inhibitors including the feature decreases, too.
When the ECMCs of noninhibitory compounds are taken as templates, there appears no common ECSC comprising all noninhibitors without covering inhibitory compounds. Therefore, the absence of A-Pha given in Figure 3 is the only ECM criterion for a drug to have no side effect on cellular growth for the present set of molecules. The revealed A-Pha is present in the inhibitory compounds of the test set (N53 to N56) while it is absent in the noninhibitory compound of the test set (N57). This validates the applicability of the search of A-Pha in a compound to determine whether it is noninhibitory or not.
Realization of Anti-pharmacophore
Some examples are given here to realize A-Pha. The noninhibitory compound N50 differs from N2 with the presence of nitrogen atom instead of C 22 H moiety that corresponds to the y atom in ECSC (see Figure 2) . Since the charge on this nitrogen is out of the limits allowable for the y atom of the A-Pha, N50 is noninhibitory, emphasizing the importance of electronic structure in addition to geometrical alignment. As the training set molecules have various skeleton types and various substituents attached to them, the appearance of A-Pha is expected on different geometrical fragments of the molecules [2,3-5-12] , as shown in Figure 4 on N3, N7, and N25. Thus, the attempts to inspect the presence or absence of A-Pha in a compound simply from molecular formula without forming ECMC may be misleading.
If the CF 3 moiety of N3 (see Figure 4 ) is substracted and its sulfur atom is replaced with oxygen, the noninhibitory compound N47 is obtained. In N47, the charge on the x atom (the circled nitrogen atom of N3 in Figure 4 ) falls outside the limit allowed for A-Pha due mainly to the replacement of S with O. Thus, N47 becomes noninhibitory.
N52, being a noninhibitor of protein synthesis, differs from the inhibitory compounds N32 and N35 with the replacement of a methyl group with an ethyl group (N32) and addition of a methyl group at the position 6 of the pyridine (N35), respectively (see Figure 5 ). Since N52 does not contain A-Pha, it can be inferred that A-Pha in N32 and N35 must be realized via these ethyl and methyl groups, as confirmed searching A-Pha within their ECMCs.
When a thiosemicarbazone derivative is converted to a thiosemicarbazide, in other words, when the azomethine bond is reduced, the atoms forming A-Pha change in some molecules (see N9 and N43 in Figure 6 ). However, A-Pha is realized with the same structural fragment in some others (see N19 and N23 in Figure 6 ). 
Quantification of the Inhibitory Effect
Multivariable regression analyses were performed for predicting the extent of inhibitory effects of thiosemicarbazones and thiosemicarbazides on cellular growth numerically. Among many calculated physicochemical parameters, only those that are statistically significant at the 99% or higher confidence level (i.e., p ≤ 0.01) are included in the correlation equation. The parameters found significant (see Table 2 ) are dipole moment (DM), energy of lowest unoccupied molecular orbital (E LUMO ), hydration energy (E HYD ), surface area (A S ), refractivity (R), polarizability (P), and δ A-Pha (taken 1 and 0 in the presence and absence of A-Pha in a molecule, respectively). E HYD and A S values were obtained by grid-based calculations on solvent-accessible surface and by taking the solvent probe radius as 1.4 Å. DM and E LUMO values of the compounds were calculated as described in Ref. [2] while E HYD , A S , R, and P were calculated by using HyperChem program package [13] . The inhibitory compounds N31 to N43 of the training set could not be included in the data set used in deriving linear regression equation since their exact experimental inhibitory concentrations are not available (see Table 2 ). Therefore, the initial data set includes inhibitory compounds N1 to N30 and noninhibitory compounds N44 to N52.
At most the R 2 values derived for the equations in estimating log of inhibitory concentrations measured with isotopic tests (log C 3H-aa and log C 3H-thy ) and with nonisotopic tests (log C Lowry and log C DPA ) are 0.6 and 0.8, respectively. Therefore, attempts to derive correlation equations with high statistical significance for estimating log of each inhibitory concentration were not so successful. The estimates of log of the sum of inhibitory concentrations measured with isotopic tests [log (C 3H-aa + C 3H-thy )] and with nonisotopic tests [log (C Lowry + C DPA )] have at most R 2 of 0.62 and 0.94, respectively. It may then be concluded that the errors in measuring the inhibitory concentrations with the isotopic experimental tests are much larger and less systematic than those with the nonisotopic experimental tests. It thus seems that the nonisotopic biological tests (Lowry protein assay and DPA assay) are more accurate and the sum of the concentrations obtained in these significantly correlated tests in our data set (see above) benefit from error cancellations. Actually, systematic methodological assessment studies find that stable isotopic experimental methods measure rates of DNA synthesis far better than the 3 H-thymidine incorporation method since 3 Hthymidine perturbs the DNA synthesis and cell replication [14] . It has also been shown for protein assay techniques that methodical variations can potentially translate into differential protein expression patterns, which can be falsely taken to be biologically significant [15] .
In terms of the above considerations, log (C Lowry + C DPA ) abbreviated as log φ can be taken as a therapeutic index. Since a compound with inhibitory concentrations less than 10 µg/ml and 7 µg/ml in the tests of protein and DNA syntheses is inhibitory, the decisive value of this index to categorize the compounds as inhibitory or noninhibitory is log (10 + 7) = 1.23. If log φ of a compound is obtained equal to or more than 1.23, it is a noninhibitor of cellular protein and DNA syntheses; otherwise, it is inhibitory. The larger the log φ value, the better the compound for chemotherapy in terms of its effect on cellular growth. The best linear regression equation found for predicting log φ by Although the estimated log φ value of N21 is significantly higher than the measured value, the regression equation classifies N21 properly as inhibitory (see crossed data point in Figure 7 ). For all other molecules in the training set (filled circles in Figure 7) , the estimated log φ values are reasonably close to the measured values. The derived regression equation estimates log φ values of the test compounds within its error bar (see unfilled circles in Figure 7) . Therefore, the present regression equation is predictive in determining the extent of cellular inhibitory effects of analogous thiosemicarbazones and thiosemicarbazides.
As expected, presence of A-Pha in a molecule increases the inhibitory potency. Similarly, the increase in solvent-accessible surface area A S and polarizability P increases the inhibitory potency, too. Since hydration energy E HYD is a measure of the stability of a compound in a solvent environment, the stability increase of a compound causes to the lowering of its inhibitory potency. Analogously, the increase in the LUMO energy E LUMO (or, equivalently the decrease in electron affinity), dipole moment DM, and refractivity R lowers the inhibitory potency.
Conclusion
Previously, a series of thiosemicarbazone and thiosemicarbazide derivatives demonstrating inhibitory activity against HSV-1 was investigated by means of ECM [2, 3] . Two features responsible for inhibiting HSV-1 and three features that abolish the inhibition of HSV-1 were revealed as submatrices of ECMCs (i.e., ECSCs) of some compounds [2] . Moreover, three features of toxicity and three features of non-toxicity were determined in the form of ECSCs [3] . All of these features can be used when planning to develop and synthesize new non-toxic inhibitors of HSV-1. However, any potential antiviral drug needs to be studied in relation to its inhibitory effect on the protein and DNA syntheses. As a continuation of the previous structureactivity relationship studies on some thiosemicarbazone and thiosemicarbazide derivatives [2, 3] , the present ECM study finds the molecular fragment responsible for the inhibiton of protein and DNA syntheses in the form of ECSC as three charges placed at some specific distances. An agent that inhibits the protein or DNA synthesis has a negative selectivity in chemotherapy. Thus, it can be concluded that one of the criterions for a more effectual screening of new antiviral drugs is the absence of this ECM in a compound. Physicochemical parameters that affect the inhibitory concentrations of cellular protein and DNA syntheses have been determined. A QSAR equation has been devised in terms of these parameters for predicting the extent of the inhibitory concentration in a compound. The effectiveness of this QSAR equation has also been validated on the molecules outside the training set.
